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Subject: A study of the height and frequency of waves acting oo the ta i l race  
s lopes and r iverbanks during the 1949 flood season  a t  Grand 
Coulee Dam - -Columbia Basin P ro jec t  

PURPOSE 

By field and model tes ts ,  obtain da ta  for  predicting the cha rac t e r i s -  
t ics  of the wave action in the r i v e r  below Grand Coulee Dam a t  l a r g e  floods- - 
the information to be used in determining the adequacy of proposed r iprap  
protection to the ta i l race  s lopes,  r i v e r  banks, and r i v e r  channel. 

CONCLUSIONS 

1. The wave action generated by the spillway flow in the Columbia 
R ive r  immediately below Grand Coulee Dam, is i r r egu la r .  The frequencies 
vary from 0 . 6  to 1. 5 waves p e r  second and the heights f rom 3 inches to  
7.  5 feet for  flows in the  neighborhood of 300, 000 cfs .  

2. Waves between 15  and 20 feet high can  be  expected along the r i v e r  
banks below Grand Coulee Dam during a capacity flood of 1,000,000 cfs.  

3 .  Much of the r ip rap  ma te r i a l  placed on the ta i l race  s lopes  and r i v e r  
banks below the dam will be disturbed by wave action. Rocks up to 6 inches 
will be tossed together with logs and other deb r i s  into windrows along the 
shore.  There  will be considerable readjustment  of l a r g e r  ma te r i a l  par t ic-  
ularly where the s lopes a r e  s t eep  o r  pi les  of the ma te r i a l  exist. Much of 
this readjustment will take place as a resu l t  of the s m a l l e r  ma te r i a l  being 
washed from between and beneath the la rger ,  causing the la t ter  to ro l l  down 
the slopes. This action was  observed, as well as recorded by su rvey  
The r eco rds  a r e  sh3wn a s  F igu res  11, 12, 13, 14 and 15 of this  report. 

4. Approximate wave heights and frequencies  such  as those occurr ing  
at Grand Coulee Dam during flood periods can be recorded  sat isfactor i ly  by 
means  of staff gages and a motion picture camera .  

5. T h e n a t u r e  a n d a p p e a r a n c e o f t h e w a v e a c t i o n o n t h e  1 t o 6 0 m o d e l  
is not s imi l a r  to that on the prototype a t  flows corresponding to  l e s s  than 
approximately 350, 000 cfs.  Thevspillway flow on the model does not plunge 
through the water in  the bucket b form a ro l l  over  the bucket l ip as on the 
prototype in this capacity range. 



model a r e  s imi l a r  to thosk:for the prototype., but measurements  indicate 
the model wave heights to be re la t ively.smat~ler  a t  representat ive discharges.  

7. The  relationship between wave height and discharge was l inear  for 
the model and data indicated i t  should be the s a m e  f o r  the prototype, even 
though the air entrainment and viscosity a r e  not to scale .  The wave height 
of 15 to  20 fee t  given in (2) above is based on th i s  l inear  relationship.  

8.  A general  reduction i n  velocit ies in the r i v e r  channel below the 
dam will r e su l t  f rom the resloping of the ta i l race  slopes .and r i v e r  banks, 
and the reshaping of the r ive r  channel. The c u r r e n t s  adjacent t o  the banks 
should be l e s s  severe ,  and this, together with the  f la t te r  s lopes,  should 
provide a m o r e  stable r iprap  sur face .  

The  work covered by t h i s  r epor t  was performed at  the project 
during the ~ n o n t h s  of May and June 1949, under the  direction of .  J a m e s  
W.  Ball  and D. hI. Lancaster  of the Denver Hydraulic Laboratc!g=y, who 
wish to  acknowledge the able ass i s tance  of project  personnel in the  suc -  
cessful accompl~shment  of this  ass ignment .  

INTRODUCTION 

Background information 

In the ear ly  construction plans (1935) only the excavated s lopes 
of rhc powerhouse t a i l r aces  below Grand Coulee Dam were  t o  rece ive  a 
protec!.ive a r m o r  of r ip rap .  That th i s  protection would not be adequate to  
prevent s e v e r e  damage to the t a i l r ace  slopes and r iverbanks during large 
floods was indicated by t e s t s  on a 1:120 sca le  model represent ing the con- 
struction s tage  in.which the  flood wa te r s  were  diverted through the west 
(-:offerdam area. The testing was continued in 1936, and in view of the 
r e su l t s  and the zbundance of rock available on the project during con- 
struction. the  thickness and extent of the riprapped surfaces were  in- 
c r eased  o ~ e r  that tesred in the model. Operation of the spillway.and ex- 
pe r i ence  with s l ides  in the  riverbanks below the  full-sized s t ruc ture ,  in 
a few seasons  previous to 1944, se rved  to emphasize the importance of 
providing adequate protec'cion in these  a reas .  A s  many pertinent model 
t e s t s  a s  t ime  would aliow were  made in  1944 o n  the 1 to  60 model at  the 
project.  F r o m  the t e s t  program it appeared that  s lopes of 6 *LO 1 would 
be required In a r e a s  attacked seve re ly  by waves and tha.t the  slopes could 
be  steepened in  a r e a s  where the s i z e  of the waves decreased .  

T h e  problem of resloping and protecting the r iverbanks  was again 
explored by t e s t s  on the 1 to 60 model during the  period May to August of J 

1945 a s  a continuatcio~l of the work done in 1944 and reported in Hydraulic 
Laboratory Report 174. Using the r e su l t s  of the two s tudies  as  a guide 
and resloping the ?ailr.ac:e surfaces and r iverbanks of the model to  fo rm 



distance upstream of the  highway bridge, a sat isfactory t reatment  was  
evolved, giving a minimum of movement along the  banks. At this t ime ,  a 
comparison of wave heights f rom the model and prototype disclosed that 
the  waves were  more  s e v e r e  at  sma l l  d i scharges  in the prototype than 
was  indicated by the model; and i t  was  believed that a better correlation of 
data  would resu l t  a t  higher corresponding discharges.  

In the  intervening period f rom August of 1945 until the l a t t e r  p a r t  
of 1948, some  resloping of the r iverbanks was ca r r i ed  out, but no infor- 
mation of par t icular  value concerning the s ize  of the r ip r sp  stone required 
for  waves of different heights was obtained. Considerable damage to  the  
s lopes occurred during the  flood of 1948 when r i p r a p  w a s  removed f rom 
some  of the vulnerable a r e a s  adjacent t o  both ta i l races .  The  grea tes t  
damage occurred on the lef t  s ide of the r i v e r  where the s lopes were  s teepest  
and where a r e a s  of the underlying clay su r faces  became exposed. In Jan-  
uary  of 1949, a board of consultants made a field examination and review of 
possible r i v e r  channel improvements immediately downstream f rom Grand 
Coulee Dam. In th i s  connection, motion p ic tures  of the behavior of the  
waves generated in the ta i l race  and channel a r e a s  during the 1948 flood 
w e r e  shown; they were  especially valuable in weighing the evidence of 
damage to  the  channel s lopes and in judging the extent and charac te r  of 
additional bank protection which should be supplied. During th i s  confer- 
ence,  the hope was expressed that a r rangements  would be made during 
future  flood flows to  secu re  motion pictures  of the spillway bucket and the 
waves in the  adjacent downstream portions of the  r ive r  channel in even 
g rea t e r  detail  than was  accomplished in 1948. 

A memorandum f rom J. J. Hammond t o  the Chief Designing E n -  
gineer,  dated April  13, 1949, subject "Wave height for  determination of 
r ip rap  rock sizes--Channel Improvement--Grand Coulee Dam" recom - 
mended that data be obtained on the wave action in the ta i l race  and along 
the r i v e r  channel during the flood season of 1949. In conjunction with 
these  measurements ,  t e s t s  a t  corresponding discharges were  to  be made 
on the 1:60 scale  model for  correlation. This  plan was subsequently ap-  
proved, and Messrs .  Bal l  and Tuncas t e r  of the Hydraulic Laboratory 
car r ied  out the program of obtaining information concerning wave heights 
in the Grand Coulee P a m  tai l  bay during the period May 4 to  June 1 7  of 
1949. 

T e s t  Faci l i t ies  for P r o t o t w e  

The  height of waves acting on the r iverbanks  downstream of Grand 
Coulee Dam were  obtained by photographing painted staff gages with a 16- 
mm motion picture camera  during the  flood season.  The  locations of tb ,  
c a m e r a  and gages are marked on a plan view of the Grand Coulee Dam 
tailbay(,F'igure 1). Staff gages No. 1, 2 ,  and 3,  for  both right and left 
r iverbanks (F igures  2A and B), were marked with a white band a t  6-inch 
intervals on 6-inch standard pipe. Sections of 10-inch-diameter pipe 4 
fee t  long were  embedded in the riverbanks,  within which, lengths of 6-inpi1 
pipe were  placed and concreted. The  6-inch staffs were  installed so 



interrnedigte by two c i r cu la r  marks ,  and the lowest b y t h r e e  c i rcu lar  marks .  
The  right bank had a similar identification sys tem,  except t .h t ' t r ian&ufar  
marks were  used for  identification. Staff Gages No, 4R and 4L were  painted 
on the  f a c e s  of the powerhouses in . the bays of Units'SR and 5L, ,and ,extended 
f rom elevation 960 to 990 (F igure  3A). The gages were marked with white 
l ines  6 inches wide a t  6-inch intervals .  A -staff gage was  painted on the  7- 
l / % f o ~ t  diamrtterNo, 1 a c c e s s  shaft of the bucket ca i sson  in the drydock 
(F igure  3B): This  staff s ta r ted  at elevation 960 and extended to  895 and also 
was  marked  with white l ines  6 inches wide at .6-!nch intervals.  

T o  obtain wave heights at positions 1, 2, 3, and 9 (F igure  I), the  
p i le  hammer  suspended from the high l ine was  painted on three s i d e s  (Fig- 
u r e s  4A and B) . The markings on th is  staff were  12-inch white bands at 
1 -foot intervals.  

As  a fur ther  aid in recording wave height, p r e s s u r e  ce l l s  w e r e  
mounted a t  the bases  of Staff Gages  2R and 2L. These  c e l l s  were  not .used 
because the  anticipated flood peak f o r  this  season did not mater ia l ize ,  thus 
leaving the maximum water  sur face  in the ta i l  bay below that a t  which the  
ce l l s  were  placed. One additional p r e s s u r e  ce l l  was  mounted at the bottom -> 

of the pile hammer  which was lowered into the  r i v e r  t o  r eco rd  p r e s s u r e  
variation below the water  sur face  caused by the passing of waves a t  the s u r -  
face. F o r  recording surface var ia t ions with the  camera ,  a rope staff, was  
s t re tched between the cel l  and a point on the highline cable  c a r .  Flags 
were  tied to th i s  rope,  r ed  a t  intervals  of 5 feet  and white a t  intervals  of 
1 foot. The  lowest r e d  f lag on the rope  was  15 feet  f rom the p r e s s u r e  cell ,  
and the top r e d  flag was  35 fee t  f rom the p r e s s u r e  cell .  Two white f lags  
(1-foot spacing) were  placed above the top red  flag. 

T e s t  Fac i l i t i es  fo r  1:60 Model 

Wave measurement .  The 1:60 model of Grand Coulee Dam con- 
s t ructed and maintained near  the s i t e  of the dam was placed in operation to  
obtain model wave da ta  correspcnding to that fo r  discharges.  
Because of the s i ze  of the model, instrumentation fo r  obtaining wave action 
and height was different than that  used in the prototype. 

An e lec t r ica l  wave measuring system w a s  used in the model. A 
schematic  diagram of the electr ical  c i rcui t  used in this  device appea r s  in 
F igure  5G. Two elc-ctrodes consisting of p a i r s  of s ta inless-s teel  rod were  
used in th i s  equipment, one pa i r  f o r  balancing the electr ical  bridges in s t i l l  
water  and the second fo r  the actual wave measurement .  T o  re ference  the 
device wi th  the average  water  surface,  Electrode B was  corn~:etely im-  
mersed  in s t i l l  water,  Electrode A was immersed  to the  midpoint of the 
pair  of s tee l  rods  and the bridge circui t  balanced to give a z e r o  deflection 
on the galvanometer. The fluctuating water sur face  due to wave action 
var ied the  immers ion  of Electrode A and unbalanced the circui t  in the  
direction of water movement. The  amount of deflection of the galvanometer 
was directly proportional to  the amplitude of surface displacement. The  



in-tlie fot& of a Ilght t.riice f r o m  the  ga lvanomete r  o r  a r e c o r d i n g  of the wave 
a r t ~ n t ~  on photographic- p a p e r  i l l  an osc i l lograph.  

V eloeltv m e a s u r e m e n t .  Water  flow d i rec t ion  and veloci ty  was  ob- 
tamed on the  model f o r  two t a i l  bay topography p lans ,  : I )  p r e s e n t  and (2)  ul t i -  
m a t e ,  using p a p e r  confet t i ,  a s t o p  watch, and a s c a l e .  

Test P r o c e d u r e  and Tabul.ation of Data  

Prbolotype. Wave act ion and height on the  v a r i o u s  staff  g a g e s  in the  
tall ba?  of the  prototype s tructure w e r e  r e c o r d e d  f o r  r i v e r  f l o w s  of 2 G G  000, 
:$I:{. 000. and  :{4fi. 000 cfs. T h l s  w a s  accomplished by taking 16-mrn motion 
pli. ~ L I I - F ? S  ;it 1 fi f r a m e s  per  second of the staff gages f r o m  previously  es tab-  
lished i:an.~et-a s t a t i o ~ i s .  Data  obtained w e r e  m a d e  d i r e c t l y  usable  by v i e w -  
111g e;l(:h f r a m e  of the  f i lm in a mic rof i lm r e a d e r ,  and tabulat ing p e r  f r a m e  
the  water. s u r f a c e  variation on each  staff gage.  T h e s e  tabulated r e c o r d s  
were +he m e a n s  of obtaining the  length of t i m e  of staff gage obse rva t ions ,  the  
magnitude of the w a t e r  s u r f a c e  f luctuation,  and the  a v e r a g e  w a t e r  s u r f a c e  
by a\ erag ing  tht? tabuJat.ed va lues .  

In the iise of t h e  p r e s s u r e  ce l l  mounted on the  p i l e  h a m m e r ,  t h e  
I>rvt!sstcre 'L i tr .~ation trartsmit ted by the  c e l l  w a s  r e c o r d e d  on photographic 
p a p e r  111 t he  osc:~!iog~.aph. Moving pictur-es i n  color. w e r e  ut i l ized in  photo- 
g!-aphlng the  water su~.fac.e, and its act ion upon the  r o p e  staff placed above 
I he p i l e  11:~rnrnel.. Carne r a  and oscillogt.aph w e r e  s t a r t e d  s imul taneously  
l o r  r :orS~.e la t~ng s u r f a c e  f'luc~tuatlon with p r e s s u r e  c-ell. va r i a t ion .  P1.essure 
and SUI-fi1l.e ~ a ~ . l a t l o r ~ s  wwer-e  I-el:o~-ded f o r  two c:ell dep ths  14. 4 5  and 39. 60 
let:t bclou the surfac~e. T h e  c:olor moving p i c t u r e s  w e r e  vlewed and t.abulated 
rtsc c)~.d.i miicio or the surf ar:e v i r r i a t ~ o n .  

I : ( iO model .  Wave at:i.ic)n 111 t h e  model w a s  r e c o r d e d  for c o r r e s p o n d -  
trig stdj.ions of the  pr-ototype a s  shown in Flgiit-e 1 .  T h e  data. for  the  rnc)clcl  
~c el-c c,t~tnlned for- tit st-hat-gcs r e p  r -ese l l~ing 400. 000. 450, 000, 500. 000 and 
7 5 0 .  000 c-fs nn ac1drr.lon to those  take11 on the  prototype.  T h e s e  d a t a  w e r e  
re ,  oxsdt:d gr-aphlc:ii!~y by the osci! lograph acting ttir.ough the e l e c t r i c a l  \\"\;a\ e 
lmh;isurlng devlce .  'I'lle w a t e r  surfac'e fluctuatioils of the  tnodel w e r e  o b t a ~ n e d  
f 1 orn rec.ords b~ thc  use  of sul iable  cotzstants taken f r o m  the  elel:trlt,al 
I i r cu i t .  

'Tu r ~ l e a s i ~ ~ . e  [he dlrec:.ic)n and veloc: it) of w a t e r  flow, p a p e r  confefti 
v;,~j c i t .u l~~~ed  on t h e  \ r a t e r  s u ~ . f a c e .  T h e  d i rec t ion  of the flow was noted, a n d  
?he  ~ , e l o c i r l  uf the  p a p e r  confetti lvas det .ermined by using a s top ivatch to 
the> paper tlurlng L?S t ravel  between t w o  a rb i t~ -a r . i ly  se lec ted  points .  

RESULTS OF W A V E  STUDIES 

W a t e r  Su~.fac,e Fluctua.!lon Pr-utotype ---- 
Fox. cornpsr ison of the  maxlmum w:c!er s u r i a c e  fluctuation zn both 

the rnrsdcl and p r o t o e p e  the  t , ibulnt~ci v a l u e s  taken ft-orn the  mot:on plr-tur-e 
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elevations were used in the following way: 

LOWEST STAFF RIGHT SIDE - l R  

Discharge 266,000 c f s  966.50 
7. 50 4.50 

Wat ex. surface elevation 967. 50 

4.50 
4.50 ' 2 .0  foot 

6. 50 
6 .00 4.00 
6.00 
0 .00 3.0 foot 

5. 50 
5.00 
4. 50 
4.50 3.00 
4.50 3.50 
5.00 0.5 foot 3.50 
5.00 4.00 2.0foob 

4. 50 fiun uation 
4.50 i 

Water s u r f a c e  fPuctuations were  recorded a s  the number of feet  
eiel ation change betwepn ? roughs  and peaks,  as indicated in F igure  5F. 
T o  e s t b b l ~ s h  a percenlage for  rhe occurrence of' the x-arious s i z e s  of the 
xaves the tol.al number  of each s ize  in increments  of 0.25 foot was com- 
pared to the tothi number of flu it us ti on^ indicated b?. the tabulation. These  
percenlages bere piol.tttd againsr rhe amplitude of Elui.tuation in feet  for 
e ~ t . h  staff gage and dis ,  harges  of 26ti,000. 3 13,000, and 346,000 cfs. 
Poin ts  plotted in the abo\e cha r t s  were  connected by straight l ines .  be- 
cause  no general L U ~ \  e seemed to  average a l l  of the points. (F igure  5).  
These  data may be used for  estimating the number of waves of each s ize  
to  be expected at each of the five gaging~posi t ions in the ta i l  bay fo r  these 
r i \  e r  fiows. 

Model and Pro to t~rpe  Conform it\ 

Viscous res1stanr.e while neglrgible f o r  waves longer than a f e w  
f e d ,  becomes increasingly important f o r  sho r t e r  waves,  akcording to  
st-udies cited by J. W. Johnson i n  "Scale Effects  in Hydraulic Models dn- 
lolving Waxe ~ o t l o n "  1 .  Height reduction due to internal friction becomes 

- 
1 /Transac t  i o n s .  Amer  ican Geophvsical Union Volume 30 Number 

A ugujt  1549. 



fo; wave lengths shakter than' l 'foot. ~ & e  periods in the, model were less 
than 1 second, varying to a s  1 o w . a ~  approximately 0.2 second. The periods 
of the major prototype waves were greater  than 1 second. Model wave 
lengths could not tie-obtained from the oscillograms and m 'definite obser-  
vations were made of the prototype lengths although they ewere estimated 
from 20 to 100 feet. 

, 

Wave types in the model and prototype were  similar .  That, is in 
deeper water prototype and model, the wave height (2  t imes the amplitude) 
was l e s s  than the depth; and in shallow water (that on the riprapped slopes) 
the wave height was greater  than'the depth. An oscillatory wave occurs  i n  
the f i rs t  instance and a breaking wave in the second. Model waves 5roke 
upon the shore  but they evidenced practically none of the prototype violence. 
Dynamic p ressures  of the prototype wave acting upon the slopes o r  walls 
f o r  the waves which break, may result  in peak p ressures  10 tirnes the 
maximum dynamic pressure  P v ~  of the approaching wave according to 

r 
L 

G. H. Kenlegan, "Wave ~ o t i o n " ~ .  Model and prototype waves were  ap- 
parently somewhat dissimilar in this  respect.  

A comparison of the height similitude of the wave action in the 
Grand Coulee tail bay with that in the model was based on an average 
fluctuation value (Figure 6A) .  Average values were used in the similitude 
rat io to minimize the effect of a maximum $slue that occurred in t e s t s  on 
either the model o r  the prototype. The maximum rat io of the average 
prototype to model fluctuation was 8.6 to 1 a t  the right bank and the mini- 
mum 1.8 to 1 at  the caisson access  shaft in the 1949 range of prototype 
discharge. Comparisons based on the maximum fluctuation values a t  the 
five measuring stations have rat ios that varied from a maximum of 5.4 
to  a minimum of 2 . 5  f o r  the 1949 flood (FPgure 6B'to 6F). A ratio" of 
1 . 4  to 1 occurred at the caisson access shaft station for  the 1948 flobd of 
570, 000 cfs. Available data were insufficient for  Stations 1L, lR ,  4L  
and 4R to determine a curve which would indicate the ratio of model to 
prototype fluctuation. 

Extrapolation of the model data for  .Station PR to a maximum de- 
sign discharge of 1,000,000 cfs  resul ts  in a maximum water surface fluc- 
tuation of 12 feet.  If, as indicated by data of Station 5R, the prototype 
fluctuation increases linearly with discharge, a prototype fluctuation of 
approximately 20 feet would be possible in the vicinity of 1R. Extrapola- 
tion of the data at Stations 1L,/4L, 4R, and 5R on the same  premise,  
resul ts  in a maximum water fluctuation of approximately 21 feet. 

There  is photographic evidence of a flow pattern change in the 
vicinity of the rol ler  bucket f o r  model discharges representing 266,000, 
346,000, and 500,000 cfs  and a prototype discharge of 570,000 cfs (Fig- 
u re  7 and 8). A rol ler  of water is visible immediately downstream of 
the bi,jcket a t  a discharge on the model representing 500,000 cfs. This 
roller is also visible but of less magnitude at discharges representing 
266,000 and 346,000 cfs. The prototype has a definite ro l ler  a t  a d is -  
charge of 570,000 cfs and at  al lgischarges in excess bf about 100,000 cfs. 

2/ E - ngineering Hydraulics, Edited by Rouse. 



tively s m d e r  than that of the and does  n o t r e m a i n  mixedlfor a6com- 
parable  distance dow~ns t ream, The air quantity does increase  with discharge.  

T h e  changes in  flow conditions may be indicated by the decreas ing  
values of the average p r o t o t w e  to model fluctuation, but the l imited range 
of prototype discharge prohibited a definite conclusion (F igure  6A).  The 
decreasing model t o  prototype ra t io  would indicate that sca le  effect de- 
c r e a s e s  a s  the discharge inc reases  although again l imited discharge pro-  
hibited a definite conclusion (F igure  6B). It was  concluded f rom the data 
that fluctuations on the banks in the  vicinity of the staff gages were  l ikely 
to be in the o rde r  of 15  to 20 feet  f a r  the design discharge of 1 ,000,000 cfs.  

Frequency of Surface Fluctuation 

T o  determine the frequency of water surface variation a t  the five 
measuring stations,  the  total t ime of camera  operation a t  1 6  f r a m e s  p e r  
second was  obtained f o r  each tabulation. The  total  number of fluctuations, 
0. 25 foot o r  g rea t e r ,  a l so  obtained from the tabi~lations,  was then divided 
by the total t ime  to give the number of fluctuations per  second. The  r e s u l t s  
are  shown in Table I. 

Table  I 

MEASUEING STATION 

River  flow E'luctuations/ second 
cf s 1R 4R 5R 1L 4L 

I 266, 000 1 . 4  * 1.5 * * 
31 .?, 000 0 . 7  0 . 8 .  0 .9  1 .0  0.7 
946,000 Y 1.3  1 .0  1 . 0  0.6 

;No r eco rd  

I 

I Table I may be used with the cha r t s  of F igure  5 to  determine f o r  
a  gitren length of t ime approximately how many fluctuations of a given mag- 
nitude m a y  be expected. F o r  example, a t  Station lR ,  r i v e r  flow of 313,000 
3:s for  a perlod of 1 hour, f rom Table  I, there  would be 2 ,520  fluctuations 
during +,he hour. If the fluctuation in question was of a magnitude of 4 feet ,  
then f rom Figure 5A, for  313,000 cfs, 1 1 percent,  or approximately 270 
fluctuatiuns at 1R would be 4 feet  in height. 

M e a s u r e m e n t  by Pile Hammer 

The measurement  of water surface fluctuation at Stations 1, 2, 3,  
and 4 by means  of the staff painted on the pile hammer ,  was unsuccessful.  
F o r c e s  exer ted by waves and water velocity moved the pile hammer  to  such 
a n  extent that the reading of the staff was practically impossible. 



No conclusion resul ted f r o m  the meage r  and inconsistent information 
obtained f rom the p r e s s u r e s  regis tered by the cel l  mounted on the pile ham- 
m e r  and their  relation to  the height of the water  sur face  fluctuations. 

Surface Velocity in  Tai l  Bay--1.: 60 Model 

Water  surface velocities along the ta i l  bay riverbanks i n  the 1:60 
model were obtained fo r  r i v e r  flows represent ing 266,000, 500,000, and 
750, 000 cfs: These discharges were  used for  both the present  and ulti- 
mate topography plans with the resul t ing velocities shown in F igu res  9 
and 10. The maximum prototype velocity in the tail  bay indicated by 
these data was  7 . 7  feet p e r  second a t  a discharge of 750,000 cfs.  This 
velocity occurred  for  both topography plans on the riverbank immedi- 
ately downstream of the left powerhouse and nea r  Station B, 0+00 on 
both riverbanks for the present  plan. With the flattened s lopes in the 
ultimate topography plan, the increase  i n  cross-sect ional  a r e a s  will 
resu l t  in  a general  reduction in the velocities throughout the tail  bay. 

Movement of Riprap 

Groups of rocks a t  various stations on both s ides  of the ta i l race  
banks were located by survey and marked  before high water  of M a y  1949. 
Individual rocks  of the groups varied in shape and weight and were  chosen 
a t  random to represent  a general  gradation of r iprap  in the a r e a  (Figure 
11, 12, 13, and 14). After the flood season, a re -survey  noted the -&move- 
ment of the rocks  that remained (F igure  15). Many of the rocks and 
some  groups were not recovered because of readjustments of the r iprap  
cover .  Those rocks moved and recovered a f te r  the flood indicate the 
extent of readjustment.  

9 
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F l g u r e  2 A' .:. 
Report Hyd 336 

A. Staff gages 1R and 2R o n  right bank of Grand Coulee  
Dam tailbay - R i v e r  F low 3 1 3 , 0 0 0  cfs 

R.  Staff gage 1L on Left bank of Grand Coulee  Dam taikbay 
River Flow 21 5 . 0 0 0  c f s  

Wave Action a t  Staff G a g e s  
Wave Studies - Grand Coulee  D a m  



A. Right powerhouse staff gage 4R - River Flow 175,000 cfs  

B. Staff gage on Number 1 access tower of the bucket 
caisson - River Flow 313,000 cfs  

Wave Action at Right Powerhouse and Cassion Staff Cages 
Wave Studies - Grand Coulee Dam 

Figure 
Report 









Report Hyd 336 

A. 1:60 Model o f  Crand Coulee  D a m  operat ing a t  a 
d i scharge  represent ing  2 6 6 , 0 0 0  cfs 

B. 1:60 Model of Grand Coulee  Dam operat ing at a 
d i scharge  represent ing  346,000 c f s  

Model - Conditions for  D i s c h a r g e s  Represent ing 2 6 6 , 0 0 0  and 3 4 6 , 0 0 0  cfs 
Wave Studies - Grand Coulee  Dam 



Figure 8 
Report Hyd 336 

A.  1:60 Model of Grand Coulee Dam operating at a 
discharge representing 500.000 second feet 

H. Grand Coulee Dam operating at a discharge of 
570 ,  000 second feet 

Flow Conditions for Model Operating at Flow Representing 500, 000 c f s  and for 
I-'rototype with 570. 000 cfs 

Wave Studies - Grand Coulee Dam 
- ,  







F i g u r e  1 I 
Report Hyd 336  

A .  Marked R i p r a p ,  g r o u p  "A", S t a t i o n  A 3 4 + 5 5 .  33 ,  B 1 2 + 5 9 . 0 5  

R. Marked H i p r a p ,  group "C", Stat ion  A32+73.04.  B11+06.63 

Origirial  H o c k  P o s i t i o n s  - Marked R i p r a p  C r o u p s  A and C o n  Right  o r  East R i v e r  Bank 
W a v e  S t u d i e s  - Grand C o u l e e  Dam 



' !  
Figure 1 1  
Report Hyd 336 

A .  Marked Riprap, group "A", Station A34t55 .33 .  B 1 2 c 5 9 . 0 5  

I .  Marked Ii~prap, group "C'". Station A 3 2 t 7 3 . 8 4 .  131 1 t06. 6 3  

Orlglnal iiock I ' o s ~ t ~ o n s  - Marked I t ~ p r a p  Groups A and C on Right  c r  Eas t  R iver  Rank 
Wave S t t ~ d ~ e s  - Grand Coulee  Darn 



Figure 12 
Report  Hyd 336 

A. Marked Riprap group "D", Station A 3 2 t 3 5 . 2 8 .  B9+96. 73 

R .  Marked Rivrap group "G", Station A 3 3 t 8 1 . 4 2 ,  R4t17. 37 

O r - i g l ~ ~ a l  Itock IJos i t lons  - Marked I t l p m p  Groups  13 and C on Right or Kast I t ~ v e r  13ank 
Wave S t u d ~ e s  - Grand Coulee  Dam 





12Gort  Hyd 336 

A .  Marked Riprap, group "D". Station A14+34, B11+40 

B. Marked itiprap group "Y", Station A15t06. 4, U 1 0 t 6 8 . 6  

Original Hock P o s ~ t i o n  - Marked Hiprap Croups D and Y on Left o r  West  River  Bank 
Wave S t u d i e s  - Grand Coulee Dam 




